Purpose: We conducted a phase I study to determine the safety, maximum-tolerated dose (MTD), and efficacy of weekly bolus recombinant human interleukin-21 (rIL-21) plus rituximab in patients with indolent B-cell malignancies.
Introduction
The advent of the anti-CD20 monoclonal antibody rituximab has contributed significantly to improving outcome in virtually all low-grade B-cell malignancies including follicular lymphoma (FL) and small lymphocytic lymphoma/ chronic lymphocytic leukemia (SLL/CLL; refs. [1] [2] [3] [4] . The mechanism of rituximab in B-cell malignancies seems to include antibody dependent cellular cytotoxicity (ADCC) by natural killer (NK) cells and monocytes, complementdependent cytotoxicity (CDC), and direct killing (5) (6) (7) (8) . Although rituximab is an effective therapy in low-grade lymphoproliferative disorders, the most durable remissions have resulted from combination with cytotoxic chemotherapy. However, this approach has long-term consequences including immune suppression, infections, and secondary cancers. Identifying alternative immune-based combination therapies to enhance the durability of rituximab remissions among low-grade lymphoproliferative disorders therefore represents a major therapeutic goal. Recombinant interleukin-21 (rIL-21) represents one such potential therapeutic.
IL-21 is the most recently discovered member of the common g-chain family of cytokines, which also includes IL-2, IL-4, IL-7, IL-9, and IL-15 (9) . IL-21 is produced by activated CD4
þ T cells and possesses a variety of properties that make it an attractive candidate for the immunotherapy of lymphomas and other cancers (10) (11) (12) . IL-21 stimulates the proliferation and cytotoxicity of CD8 þ T cells (13) (14) (15) (16) (17) (18) (19) , promotes the activation of NK and NKT cells (13, 14, (20) (21) (22) , and inhibits regulatory T-cell functions (17, 23, 24) . IL-21 can also induce the proliferation, differentiation, or apoptosis of B cells, depending on their costimulatory environment and developmental stage (25) . The direct effect of IL-21 on B-cell lymphoproliferative disorders is also varied based upon their stage of differentiation. IL-21 antagonizes apoptosis in mature B-cell malignancies including multiple myeloma (26, 27) and Hodgkin lymphoma (28) whereas it directly promotes apoptosis in FL (29, 30) , CLL (31) (32) (33) , and diffuse large B-cell lymphoma (34) . IL-21 thus represents the only g-chain family cytokine possessing this favorable pro-apoptotic capacity against select B-cell lymphoproliferative disorders. Given the direct apoptotic signaling properties of IL-21 and its ability to enhance ADCC, preclinical studies in both CLL and non-Hodgkin lymphoma (NHL) have been conducted to justify its combination with rituximab. In CLL, rIL-21 was shown to both enhance rituximab-mediated direct killing and autologous NK cell-based ADCC against primary CLL cells (32). Indeed, rIL-21 increased the lytic activity of NK cells against human B-cell lymphoma targets in the presence of rituximab, and prolonged the survival of mice bearing human lymphoma xenografts treated with rituximab (35) . In primates, rIL-21 also enhanced depletion of normal B cells by rituximab, whereas increasing circulating Fc receptor-bearing NK cells (36) . We thus hypothesized that rIL-21 might improve the efficacy of rituximab in both CLL and low-grade lymphoma by enhancing both direct killing and ADCC.
Herein, we describe a phase I study of rIL-21 in combination with rituximab in select low-grade lymphoproliferative disorders including FL and SLL/CLL where we show the feasibility of outpatient administration and durable remissions in a subset of treated patients.
Materials and Methods

Patients
Eligible patients had indolent CD20 þ B-cell lymphomas, either SLL/CLL, FL, or marginal zone lymphoma (MZL), measurable by CT scans, relapsed after previous therapy (including rituximab for patients with FL); age !18 years; ECOG performance status 0 or 1; life expectancy !6 months; hemoglobin >10 g/dL; neutrophil count >1,500 cells/mm 3 ; platelet count >75,000/mm 3 ; and adequate hepatic and renal function. Patients with a history of central nervous system involvement, peripheral white blood cell count >50,000/mm 3 , systemic corticosteroids within 1 month of enrollment, or previous autologous or allogeneic hematopoietic stem cell transplant were excluded. The institutional review boards of each participating medical center approved the protocol, and patients gave written informed consent.
Study design
This open-label, dose-escalation study was conducted at 3 centers in the United States. The primary objective was to determine the maximum-tolerated dose (MTD) of rIL-21 administered once weekly for 4 weeks in combination with rituximab. The study design is shown in Fig. 1A . Cohorts of 3 patients were sequentially enrolled in each dose level, with dose-escalation proceeding according to dose-limiting toxicity (DLT) during the first treatment cycle. DLTs were defined using National Cancer Institute Common Terminology Criteria for Adverse Events v3.0 (CTCAE v3.0), and consisted of !grade 3 rIL-21-related toxicity except for transient ( 3 days) fatigue, fever, or rigor of grade 3; nonhematologic lab abnormalities of grade 4 for any duration or of grade 3 (except hypophosphatemia) for !3 days; anemia, neutropenia, or thrombocytopenia of grade 4 for any duration or of grade 3 for !7 days; or any grade 3 laboratory abnormality resulting in withholding 2 doses. Lymphopenia was an anticipated effect of rIL-21 based on prior studies (37) (38) (39) , and not considered dose-limiting unless associated with grade !3 clinical AEs. Cohort expansion at the MTD was done to characterize the safety profile and preliminary anti-tumor activity of rIL-21 plus rituximab.
Study treatment
Each treatment cycle consisted of 4 weekly doses of rituximab plus rIL-21. Cycle 1 was preceded by 1 dose of single-agent rituximab (375 mg/m 2 ) to distinguish firstdose rituximab infusion-related symptoms from rIL-21 infusion reactions and avoid potential compounding of these effects. Premedication with corticosteroids before rituximab was not permitted. Patients then received 4 weekly treatments with rituximab (375 mg/m 2 ), followed at least 60 minutes later by rIL-21 (30, 100, or 150 mg/kg) via intravenous push. Patients with tumor response of stable disease (SD) or better as defined by standard criteria (40) 2 weeks after completion of Cycle 1 were eligible to begin a second 4-week treatment cycle (Cycle 2).
Assessments
Toxicities were monitored throughout the study and up to 28 days after the last rIL-21 dose. AEs and laboratory abnormalities were graded using CTCAE v3.0. Tumor restaging by CT imaging and bone marrow aspirate and biopsy were carried out at screening, 2 weeks after completion of
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Correlative cell signaling and immunologic analyses
In vivo cell signaling analysis was carried out in Patient 1007 with SLL/CLL and circulating tumor cells. Whole blood was collected before rIL-21 dosing on day 8 of therapy and also 2 hours posttreatment. CLL cells were purified and stained for IL-21 receptor, and lysates subjected to Western blotting for STAT1, p-STAT1, STAT3, and p-STAT3 as previously described (32) . Flow cytometric analysis of NK cells was carried out on 4 patients (during 5 cycles of therapy), as follows. Heparinized blood was collected pre-and 3 days posttreatment, and peripheral blood mononuclear cells isolated by Ficoll-Hypaque sedimentation were stained using the following mAbs purchased from BD Biosciences: CD3-FITC (clone HIT3a), CD3-PE (clone UCHT1), CD16-FITC (clone 3G8), CD25-PE (clone M-A251), CD56-APC (clone B159), CD69-PE (clone FN50), and appropriate isotype controls. Analysis was carried out using a BD FACScan flow cytometer with FCS Express software (De Novo Software). Mean fluorescence intensities (MFI) for each marker were compared among pre-and posttreatment samples using a paired 2-tailed t test.
Pharmacokinetics and immunogenicity of rIL-21
Serum samples for evaluation of rIL-21 pharmacokinetics were obtained at selected time points and rIL-21 levels determined using a validated custom ELISA (lower limit of detection 0.28 ng/mL). A linear fixed effects model was used to formally test the influence of dose level and repeat dosing on exposure. Individual log 10 AUC 0-t estimates were fit to a model: log 10 AUC 0-t ¼ Intercept þ Dose þ Visit.
Statistical analysis
Data was summarized using descriptive statistics including the median and range for continuous measures and the number and percent for categorical measures. Best overall response was assessed by investigators per standard lymphoma response criteria (40) . The overall response rate was defined as the proportion of eligible patients with a best response categorized as: CR, unconfirmed complete response (CRu), or partial response (PR). On the basis of the binomial distribution, it was determined that a sample size of 15 patients at the MTD would provide approximately 80% probability of observing a relevant safety event in 1 or more patients, assuming a true population incidence rate of 10% or greater. Given the early phase of this study, formal assessments of power for efficacy endpoints were not conducted.
Results
Patients
Twenty-one patients were enrolled and treated with rIL-21 plus rituximab, including 11 with SLL/CLL, 9 with FL, and 1 with extranodal MZL (Table 1) . Eighteen patients (86%) had received !2 prior treatment regimens, and 8 (38%) had failed to respond to their last treatment. All but 1 patient had received prior rituximab, and over half (57%) had received 2 or more prior rituximab-containing regimens. Of the 20 patients who had received prior rituximab, 15 (75%) had either failed to respond to, or relapsed within 6 months of their last rituximab-based therapy (Table 2) , meeting a common definition for rituximab-resistant disease (41) .
Three patients were enrolled and treated in each dose escalation cohort, and 12 additional patients were enrolled and treated with 100 mg/kg rIL-21 during cohort expansion. Of the 21 patients enrolled, 19 completed the study protocol, receiving all 4 doses of rIL-21 in Cycle 1 and all assessments. Two patients in the expansion cohort did not complete the study; 1 patient withdrew prematurely for personal reasons, and 1 patient with preexisting coronary artery disease died from cardiac complications after completing Cycle 1 but before restaging. Fourteen patients (67%) completed Cycle 2. Four patients had rIL-21 plus rituximab delayed by 1 week for an AE or laboratory abnormality.
Safety experience: dose escalation
Three dose levels of weekly rIL-21 in combination with rituximab were evaluated; 30, 100, and 150 mg/kg. During Cycle 1 dose escalation, all AEs were grade 1 or 2 in severity and no DLTs were observed. Common AEs (observed in >3 patients, Cycles 1 and 2) included influenza-like symptoms, fatigue, headache, dizziness, pruritus, night sweats, nausea, and fever. Two patients in the 100 mg/kg cohort experienced transient grade 3 neutropenia not associated with fever or infection. Two patients experienced grade 3 lymphopenia, 1 of whom also had grade 3 leukopenia; these laboratory changes were expected effects of study treatment. During Cycle 2, 1 patient treated at 150 mg/kg rIL-21 experienced grade 3 nausea, vomiting, and diarrhea; and grade 2 hypotension, all considered possibly related to study drug. A second patient treated at 150 mg/kg rIL-21 experienced grade 2 lower extremity edema during Cycle 2, considered possibly related to study drug. The third patient in this cohort developed grade 3 fatigue and hypophosphatemia attributable to study drug. Although no patients treated at doses up to 150 mg/kg rIL-21 experienced any DLT during Cycle 1, based on the toxicities experienced by the patients treated at 150 mg/kg during Cycle 2, the Safety Monitoring Committee considered this dose to be above the MTD of a feasible outpatient therapy and recommended 100 mg/kg for evaluation during cohort expansion.
Safety experience: cohort expansion
Fifteen patients were treated with rIL-21 at the MTD of 100 mg/kg plus rituximab including 3 patients in dose escalation and 12 patients in the expansion cohort; 10 of these patients received 2 cycles of therapy. All patients were included in the safety analysis. Table 3 displays all AEs occurring in at least 10% of patients treated with 100 mg/ kg. Most AEs were mild or moderate. The frequency of AEs increased with increasing dose of rIL-21, as displayed in Supplementary Table 1. Grade !3 events considered at least possibly related to rIL-21 occurred in a total of 4 patients and included grade 3 influenza-like illness, fatigue, rash, arthralgia, nocturnal pain of the fingers, and grade 4 thrombocytopenia. One patient developed a grade 4 non-ST elevation myocardial infarction treated with percutaneous stent placement complicated by asystole, respiratory distress, subsequent stent thombosis and fatal bradycardic arrest. These events were considered possibly related to rIL-21 as they occurred after the fourth dose of rIL-21. However, the relationship is confounded by the patient's prior history of hypertension, hypercholesterolemia, coronary artery disease, myocardial infarction, and supraventricular tachycardia. Grade 3/4 treatment-emergent laboratory abnormalities are presented in Table 4 . Transient cytopenias were the most common laboratory abnormalities, as seen in prior rIL-21 trials (37-39). Four of 15 patients treated at 100 mg/kg experienced grade !3 lymphopenia, and 6 had grade !3 neutropenia. In most cases, neutropenia resolved to grade 2 or better by the next study visit; there were no associated fevers or infections and only 1 patient had a dose delay of 1 week due to neutropenia. One patient had grade 4 thrombocytopenia, yet after a single platelet transfusion and 1-week delay of his third dose of rIL-21 plus rituximab, he successfully completed Cycle 1 and also completed Cycle 2.
Hypoalbuminemia was the most common change in serum chemistry with 12 and 2 patients overall having a 1-grade and 2-grade worsening from baseline, respectively. Two patients with normal phosphorous at baseline developed grade 3 hypophosphatemia. Although most patients had no elevations in liver transaminases, 2 developed grade 3 AST elevation, with 1 accompanied by grade 3 ALT elevation. In both cases, these occurred after the fourth dose of rIL-21 plus rituximab during the treatment cycle, and resolved without specific intervention. One of these patients subsequently received Cycle 2 without recurrence of transaminase elevations. Over a 3-year period during and after the study's completion, no long-term unexpected adverse effects have been attributed to treatment with rIL-21.
Pharmacokinetics and immunogenicity of rIL-21
Supplementary Figure 1 shows the mean rIL-21 serum concentrations after the first dose for the 30, 100, and 150 mg/kg dose levels. Mean AUC 0-t after the first dose were 86.9, 258, and 310 h ng/mL for the 30, 100, and 150 mg/kg dose groups during dose escalation, respectively, suggesting a dose-dependence for this parameter. Estimates from the 100 mg/kg expansion cohort had a CV% of 131%, and this intersubject variability prevented easy interpretation. Mean serum concentrations of rIL-21 after cycle 1 dose1, cycle 1 dose 4, and cycle 2 dose 4 were superimposable, suggesting the PK of rIL-21 does not change with repeated dosing. A linear fixed effects model was used to formally test the influence of dose level and repeat dosing on exposure. Parial tests with the inclusion of Visit and Dose in the model were found to have P values of 0.7150 and <0.05, respectively, indicating a clear effect of dose level but no effect of repeat dosing on exposure. No specific antibodies to rIL-21 were identified in any subject.
Clinical responses
Two patients, 1 who died before tumor evaluation and 1 who withdrew before completing Cycle 1 (both treated at 100 mg/kg), were excluded from efficacy analyses. Following treatment, a decrease in the SPD of target lesions was seen in 16 (84%) evaluable patients (Fig. 1B) , and objective clinical responses were seen in 8 (42%) evaluable patients, including 3 CR/CRu and 5 PR (Table 2 ). Of note, in 4 of these 8 responders, remissions were of longer duration than the patient's previous response to rituximab-based treatment (Table 2 , Patients 1004, 1008, 1026, and 1011, median 9 months vs. 3 months). Among the 15 patients with rituximab-resistant disease, the objective response rate was 33%. 
a AEs occurring in at least 10% of patients treated at 100 mg/kg rIL-21. 
Discussion
On the basis of the capacity of rIL-21 to both inhibit the viability of malignant B cells and activate NK cell ADCC effectors, we sought to evaluate the feasibility and safety of combining rIL-21 with rituximab anti-CD20 antibody therapy in patients with indolent lymphoproliferative disorders. In this phase I, dose-finding trial, we found that outpatient therapy with weekly rIL-21 at 100 mg/kg or lower was well tolerated in combination with standard rituximab therapy. The most common AEs, including flu-like symptoms, fatigue, and headache, were mostly mild to moderate in severity. Transient laboratory abnormalities including lymphopenia, leukopenia, neutropenia, elevated hepatic transaminases, and hypophosphatemia were observed in a minority of patients, consistent with previous trials of rIL-21 in melanoma and renal cell carcinoma (37) (38) (39) .
Reductions in tumor burden were seen in the great majority of patients during treatment, with 84% of evaluable patients showing decreases in radiographically measurable lesions (Fig. 1B) , and 42% meeting objective response criteria (3 CR/CRu, 5 PR). Although rituximab alone was expected to have some activity in this study population, several lines of evidence suggest that the addition of rIL-21 may have contributed to these outcomes. First, 4 of the responses were seen in patients whose prior response to rituximab-based therapy lasted less than 6 months, meeting a common definition for rituximab-resistant disease (41) . Moreover, these responses were typically of longer duration than the patient's previous response to rituximab-based therapy. Second, the response rate among patients with rituximab-resistant disease was 33%. And third, the durable complete clinical response achieved in Patient 1032 with bulky SLL/CLL would not be expected using single agent rituximab, as attainment of CR to rituximab in this setting is rare (42, 43) . Thus, rIL-21 may have contributed to the favorable clinical outcomes of some patients on this trial.
The weekly rIL-21 dosing schedule used in this trial was chosen to coincide with standard rituximab dosing, and differed from the schedule established in earlier phase I/II trials of rIL-21 patients with metastatic melanoma or renal cell carcinoma (37) (38) (39) . Although these previous trials established an MTD of 30 mg/kg using daily dosing for 5 days followed by 9 days of rest ("5þ9" schedule), we found the MTD to be 100 mg/kg when using once weekly dosing. In accordance with data from a previous phase I study 38 , dosing with 100 or 150 mg/kg yielded peak rIL-21 levels of approximately 200 to 350 ng/mL and a half-life of several hours. As both schedules are well tolerated, both may be worth exploring in future trials using anti-CD20 antibodies.
Accumulating data suggest that select B-cell malignancies may represent additional attractive targets for rIL-21 therapy. Unlike solid tumors, many B-cell neoplasms express IL-21 receptors, and are thus susceptible to IL-21's potentially growth-inhibitory effects. Several groups have showed that rIL-21 can promote apoptosis in freshly isolated CLL cells in vitro (31) (32) (33) , and that IL-21 receptor expression and tumor apoptosis can be enhanced by immune modulation with CD40 ligation or CpG treatment (31, 33) . Gowda and colleagues further showed that rIL-21 sensitizes CLL cells to the cytotoxic effects of both fludarabine and rituximab, and increases NK cell ADCC against rituximab-coated CLL cells (32) . Follicular and mantle cell lymphoma cells can also be susceptible to direct apoptosis induction by rIL-21 (30, 44) . Sarosiek and colleagues (34) recently reported that rIL-21 efficiently induced caspase-dependent apoptosis of diffuse large B-cell lymphoma (DLBCL) cell lines and primary tumors without affecting the viability of normal human B cells. The degree of apoptosis induced in primary tumor samples was greater among DLBCL cases than FL specimens. In vivo, the growth of DLBCL xenograft tumors was also inhibited by rIL-21 treatment. Thus, B-cell malignancies, particularly SLL/CLL and DLBCL, should be considered high priorities in the continuing clinical development of rIL-21 therapy.
